The critical importance of CD4 ϩ T cells in coordinating innate and adaptive immune responses is evidenced by the susceptibility to various pathogenic and opportunistic infections that arises from primary or acquired CD4 ϩ T cell immunodeficiency, such as following HIV-1 infection. However, despite the clearly defined roles of cytotoxic CD8 ϩ T cells and antibodies in host protection from retroviruses, the ability of CD4 ϩ T cells to exert a similar function remains unclear. Recent studies in various settings have drawn attention to the complexity of the T cell response within and between individuals. Distinct TCR clonotypes within an individual differ substantially in their response to the same epitope. Functionally similar, "public" TCR clonotypes can also dominate the response of different individuals. TCR affinity for antigen directly influences expansion and differentiation of responding T cells, also likely affecting their ultimate protective capacity. With this increasing understanding of the parameters that determine the magnitude and effector type of the T cell response, we are now better equipped to address the protective capacity against retroviruses of CD4 ϩ T cell clonotypes induced by natural infection or vaccination.
Introduction
Retroviruses are currently infecting many different host species, including humans, and often cause severe disease. They have also invaded the germline of all animals that have been examined, in the form of ERVs, constituting a sizeable fraction of the genome. Although most ERVs have been rendered replication-defective through mutation or are transcriptionally repressed, they can still contain at least some intact open reading frames and produce proteins that can interact with the immune system in various ways [1] [2] [3] . Furthermore, ERVs also have the potential to restore their infectivity through recombination [4] .
In turn, hosts have evolved a variety of immune defenses against retroviruses, including both innate and adaptive components. This type of evolution of host immunity and counterrevolution of retroviruses has led to host adaptations that are unique, not only to retroviruses but also to specific retrovirushost combinations [3, 5] , examples of which can be seen in retroviral restriction factors. Mice have several alleles of Fv1, the prototypic retroviral restriction factor and both endogenous and exogenous MLVs with distinct sensitivity restriction by different Fv1 alleles [3] . Moreover, the specificity of the human retroviral restriction factor TRIM5␣ has been suggested to result from coadaptation with ancient retroviruses that may be present today only in the ERV fossil record [6, 7] . This adaptation may have left TRIM5␣ unable to bind strongly to modern-day retroviruses, such as HIV-1 [8] .
Other types of cell-autonomous antiretroviral defense mechanisms have, however, evolved in the face of exposure to multiple pathogens. For example, certain TLRs can recognize nucleic acids from several different pathogens with very different life cycles, and the host has to balance their sensitivity between lack of activation by one pathogen and overactivation by another [9] . TLR7, in particular, has been shown to make an essential contribution to the antiretroviral antibody response [10] but has also been incriminated in the development of autoantibody responses [11] . Thus, TLR7 may be under opposing pressures to maintain responsiveness to exogenous retroviruses, while remaining tolerant of the vast number of ERVs.
In comparison with innate immunity, the adaptive immune system can be far more versatile in the response to retroviruses. Firstly, it can discriminate between different antigens with exquisite specificity, and T cells can often detect single amino acid residue disparities in a short peptide epitope [12] . Secondly, it can "learn" to discriminate self-and nonself epitopes, for example, by thymocyte positive and negative selection. Both of these properties derive from the way lymphocyte antigen receptors are generated. Here, we will focus on CD4 ϩ T cells, but similar principles also apply to CD8 ϩ T and B cells. The CD4 ϩ T cell response is initiated by antigen recognition via somatically generated and clonally distributed TCRs. The combinatorial process that generates TCRs has the potential for enormous TCR D, far exceeding the total number of lymphocytes that an individual will ever generate [13] [14] [15] . Therefore, the preimmune TCR repertoire may differ substantially between two individuals, even if they are genetically identical [16] . Furthermore, as the frequency of precursors with specificity for any given antigen is generally very low in the preimmune TCR repertoire, the composition of the response of two individuals to the same antigen is also very different in terms of clonotypes, defined by the use of identical TCRs. Nevertheless, the T cell response of distinct individuals to the same antigen can also display common features at various different levels [17] . This ranges from skewed representation of only the TCR V regions to selection of identical or functionally similar TCR clonotypes between individuals [17] . Such public T cell responses may stem from a requirement for specific structural features of the TCR, conferring an advantage during thymocyte development or during the immune response. One important consequence of randomly generated TCR D is that each TCR clonotype will recognize antigen with different sensitivity. Any given peptide-MHC complex will trigger responses in a number of precursors that may differ substantially in terms of TCR affinity for that peptide-MHC complex. Accumulating evidence suggests a strong influence of the strength of TCR signaling during an immune response on the proliferation and differentiation outcomes in responding T cells [18 -20] , which is likely to regulate the potential of T cells to protect against infection.
Here, we examine the evidence suggesting that although antiviral responses may appear to be robust, the majority of antiviral activity is performed by a minority of TCR clonotypes. Although we focus primarily on the response to retroviruses, findings from other types of infection or responses to model antigens are also considered. A comparison of clonotypic T cell responses in diverse systems, in general, will help enhance our relatively poor understanding of the rules governing such responses to retroviral infection in particular. However, comparisons between clonotypic T cell responses to retroviral infection and other types of infection should be made with caution. Firstly, T cell responses to retroviruses may not share the strength that characterizes responses to other types of infection. Secondly, T cell responses to retroviruses may be complicated further by the presence of vast numbers of ERVs, potentially sharing antigenic epitopes with exogenous retroviruses. Nevertheless, such comparisons may reveal the "first principles" that apply to all clonotypic T cell responses. The understanding of the parameters that determine the protective value of distinct TCR clonotypes will help approaches aimed at inducing or maintaining those that are most protective.
GENERATION AND SELECTION OF THE TCR REPERTOIRE
The TCR is a heterodimer of ␣ and ␤ chains, in the overwhelming majority of conventional T cells or ␥ and ␦ chains in certain specialized subsets [13, 15, 17, 21, 22] . Each chain is encoded by a gene that forms following somatic recombination between germline gene segments, each encoding different parts of the chain. One of many V␣ gene segments will join with one of many J␣ gene segments and the C␣ gene segment to create the TCR-␣ chain (V␣-J␣-C␣), whereas the TCR-␤ chain additionally carries a D␤ gene segment between V␤ and J␤ (V␤-D␤-J␤-C␤). The resulting structures complement the structures of unique antigenic peptide-MHC complexes, and three such CDRs are recognized: CDR1 and -2 in the germline V gene segment and CDR3 in the somatic recombination product between V and J segments. The random and extensive recombination between these gene segments, together with the random pairing of ␣ and ␤ chains, has the potential to create an enormous theoretical D of up to 10 15 different TCRs [21, 23] . This is much larger than the total number of T cells in the body. For example, mice have ϳ5 ϫ 10 7 CD4 ϩ T cells at any one time and will generate up to 2 ϫ 10 8 CD4 ϩ T cells in a lifetime. However, TCR structural constrains and most importantly, those imposed by positive and negative selection of thymocytes reduce significantly the size of the available TCR repertoire, which in mice is between 1 ϫ 10 6 and 2 ϫ 10 6 TCRs [23] .
Germline polymorphisms in the TCR gene segments
Although differences in the TCR repertoire between two individuals arise mainly from the combinatorial process of V-(D)-J segment recombination, it is increasingly appreciated that allelic polymorphisms in the germline configuration of these gene segments can be instrumental in the generation of TCR clonotypes that are a best fit to respond to a particular infection. The coding sequence of the human V␣ and V␤ gene segments has been found to contain, on average, two single nucleotide polymorphisms, potentially generating a large repertoire of functional allelic variants [24] . Although genetic association of germline TCR polymorphisms with protective or pathogenic immune responses is difficult to establish using conventional approaches [24] , there are documented examples of TCR polymorphisms affecting the antiviral T cell response, revealed by structural and functional studies [13, 25] . Indeed, germline polymorphism in the human TRBV9 and TRAV26-2 genes have been shown to affect the affinity and functional outcome of CD8 ϩ T cell recognition of two HLA-Brestricted epitopes from the EBNA-1 and EBNA-3A proteins, respectively, of EBV [13, 25] . In mice transgenically expressing a fixed TCR-␤ chain (EF4.1), the env [122] [123] [124] [125] [126] [127] [128] [129] [130] [131] [132] [133] [134] [135] [136] [137] [138] [139] [140] [141] epitope from the surface GP of F-MLV induces H2-A b -restricted CD4 ϩ T cells with a bias in the use of endogenous TCR V␣2 chains (encoded by the Trav14 set of genes) [26, 27] . In this model, the pairing of the transgenic TCR-␤ chain with TCR V␣2 chains from the germline repertoire of the C57BL/6 strain of mice creates TCRs with high-affinity for this retroviral antigen, whereas TCR V␣2 chains from the germline repertoire of the 129S8 strain create low-affinity TCRs for the same antigen [28] . These studies underscore the importance of certain properties of the germline TCR gene segment configuration that cannot be recreated by random somatic recombination and selection.
Immediate and lasting fate decisions during thymocyte development
An array of peptides derived from proteins expressed in specialized cells and structures of the thymus mediate positive and negative selection of developing thymocytes. This process ensures the generation of T cells with functional TCRs and the prevention of potentially damaging reactivity to self-proteins. It is precisely this stage of repertoire selection by self-peptides that is primarily responsible for the available peripheral TCR repertoire and has been reviewed in detail elsewhere [29] .
However, recognition of self during thymocyte development may have long-lasting consequences for activation and function of mature T cells beyond repertoire selection, as new studies suggest [30, 31] . It had been observed previously that continuous peripheral recognition of self-peptides, likely similar to those involved in thymocyte selection, maintains the foreign antigen sensitivity and functionality of peripheral CD4 ϩ T cells [32, 33] . Recent evidence indicates that the strength of self-reactivity during thymocyte development is directly related to the strength of foreign antigen sensitivity [31] . As a result, responses to foreign antigens are reported to be dominated by high-avidity peripheral CD4 ϩ T cell clonotypes that exhibit the strongest self-reactivity as thymocytes and that are marked by high expression of CD5 [31] . However, given that TCRs are polyreactive, and the universe of foreign antigens is unpredictable, differences in avidity for self-antigens between two clonotypes with overlapping foreign antigen reactivity might not always match differences avidity for foreign antigen. Indeed, a recent study provided evidence that CD4 ϩ T cell clonotypes that are more self-reactive are generally more responsive to stimulation, independently of their affinity for foreign antigen [30] . Thus, recognition of self during thymocyte selection and continually in the periphery appears to imprint and maintain the intrinsic functionality of distinct CD4 ϩ T cell clonotypes. It will be of interest to determine the interplay between self-reactivity and foreign antigen-reactivity during chronic viral infections, where both sources of TCR stimulation are potentially present.
Thymocyte selection by ERV products
As a sizeable constituent of mammalian genomes, ERVs can affect thymocyte selection in various ways. Expression of superantigens by endogenous mouse mammary tumor viruses has long been established to mediate activation and deletion of entire subsets of T cells expressing the responding TCR V␤ chains [34] . More recently, up-regulation of such superantigens during infection with LCMV or FV has been suggested to induce preferentially T reg responses [35, 36] . This preference stems from the relative resistance of T reg thymic precursors to superantigen-mediated negative selection compared with thymic precursors of conventional T cells, which are fully susceptible to deletion [37] , leaving only peripheral T regs able to react to superantigen expression in the periphery. Superantigen activity has also been suggested for HERVs, and the product of the HERV-K18 env gene has been shown to stimulate TCR V␤7-expressing T cells [38, 39] . However, the potential effect of HERV-K18 env expression on thymocyte selection has not been established.
Independently of superantigen expression, ERV protein expression can also provide a large pool of epitopes involved in thymocyte selection, both positive and negative. Endogenous MLV proteins have been shown to provide the self-peptides that mediate positive selection of CD4 ϩ T cells specific for a PCC peptide restricted by H2-E k [40] . Moreover, this system has also demonstrated that the ligands involved in positive selection in the thymus, although they do not normally trigger, can potentiate activation of mature CD4 ϩ T cells in the periphery in response to their cognate antigen [40] . These findings implicate ERV-derived proteins in the response to unrelated antigens of peripheral CD4 ϩ T cells that have been positively selected by these proteins. Self-peptide epitopes derived from ERV proteins also mediate negative selection of developing thymocytes, leading to partial or complete immunological tolerance to these epitopes. However, ERV-mediated negative selection can also have some unpredictable outcomes on the selection of the TCR repertoire that is able to respond to exogenous retroviral infection. The peak response of EF4.1 TCR-␤-transgenic CD4
ϩ T cells to the F-MLV env [122] [123] [124] [125] [126] [127] [128] [129] [130] [131] [132] [133] [134] [135] [136] [137] [138] [139] [140] [141] epitope is dominated by high-avidity TCR V␣2-expressing clonotypes that quickly outnumber the low-avidity TCR V␣3-expressing clonotypes [28] . This particular epitope of F-MLV is nearly identical with that encoded by the endogenous MLV Emv2, with the exception of a single amino acid disparity (L and Y in the case of F-MLV and Emv2, respectively) at position 128, which is implicated in TCR binding [28] . The endogenous Y variant of this epitope is recognized only weakly by TCR V␣2 clonotypes that react with sensitivity to the L variant, and as a result, these clones are not affected by negative selection. In contrast, TCR V␣3 clonotypes, which are the majority in the preimmune TCR repertoire, react strongly with the endogenous Y variant and are partially deleted. Negative selection of cells more cross-reactive with the Y variant, but less sensitive to the L variant, is therefore a requirement for the dominance of the high-avidity TCR V␣2 clonotypes in response to F-MLV infection [28] . Thus, depending on the similarity between epitopes encoded by ERVs or other self-proteins and those of exogenous retroviruses, positive and negative selection of thymocytes may determine the extent of sensitivity to the infecting variant or cross-reactivity with escape mutants and consequently, affect susceptibility to infection with exogenous retroviruses [41] .
TCR REPERTOIRE EVOLUTION DURING THE IMMUNE RESPONSE
Th cell responses are initiated upon antigen recognition by naive CD4 ϩ T cells, which leads to their expansion and acquisition of one of many distinct sets of effector functions and migration properties [42] . Studies examining the behavior of individual CD4
ϩ T cells or clonotypes during the response to a particular antigen have revealed considerable variability, often correlating with particular properties of the TCR. Notwithstanding the potential influence of extrinsic factors or stochastic processes, the accumulating evidence [18 -20] suggests that many steps in CD4 ϩ T cell expansion, differentiation, and maintenance following activation are determined by the strength of activation (Fig. 1) .
The initiation of the Th cell response
The use of peptide-MHC multimers for enumerating the precise frequency of murine naive CD4
ϩ T cells has suggested that specificity for each peptide-MHC complex is shared by ϳ100 cells, although this varies between specificities [15] . Moreover, differences in the precursor frequency of naive CD4 ϩ T cells that recognize distinct antigens are directly responsible for differences in the magnitude of the response to those antigens [15] . Thus, an antigen recognized by a larger pool of naive CD4
ϩ T cells will elicit a higher peak response than an antigen recognized by a smaller pool [15] , but also, the same antigen will elicit a higher peak response in a mouse with a larger pool of antigen-specific, naive CD4 ϩ T cells than in a mouse with a smaller pool. This correlation has been observed experimentally in several diverse models for infection, including with retroviruses [43, 44] .
Each pool of ϳ100 naive CD4 ϩ T cells with shared specificity will contain distinct clonotypes with different sensitivity for the same antigen. CD4 ϩ T cell activation and proliferation are affected profoundly by the strength of TCR signaling [22, 45, 46] , which in turn, is influenced heavily by the avidity of TCR interaction with peptide-MHC complexes. The precise biochemical properties of the TCR that confer high sensitivity and result in high potency of stimulation have been a matter of debate. Models based on binding affinity or association-dissociation kinetics have been proposed [46, 47] . More recently, models incorporating the local concentration of TCR and peptide-MHC complexes in the two-dimensional space between the T cell and APC have supported the concept of an aggregate half-life of interaction as a more accurate indicator of TCR antigen-recognition potency [48, 49] . These parameters may influence TCR potency to a variable degree and may also be difficult to measure precisely in different experimental system. Nevertheless, evidence in support for TCR sensitivity to antigen determining CD4 ϩ T cell clonal expansion and consequently, the responding TCR repertoire has been obtained from several experimental systems. Perhaps the best-characterized model for CD4 ϩ T cell clonotype selection during the induction of an immune response is immunization with PCC of H2-E k -expressing mice [50] . The peak response of 5C.C7 TCR-␤ transgenic mice to the H2-E krestricted PCC epitope is dominated by initially rare clonotypes, bearing highly restricted TCRs with affinity above a critical threshold [50] . Also, during the CD4 ϩ T cell response to a SWM epitope, restricted by the H2-E d A d heterodimer, clonotypes with lower functional avidity are preferentially lost, enriching the peak of the response in clonotypes with intermediate or high-functional avidity [51] . Similarly, the peak response of EF4.1 TCR-␤ transgenic mice to the H2-A b -restricted F-MLV env epitope is dominated by initially rare clonotypes, in which expression of TCR V␣2 chains confers higher functional avidity [27] . These and numerous similar studies [46] support a model, whereby, within each pool of shared specificity, the CD4 ϩ T cell clonotypes that receive stronger TCR signals during priming quickly outcompete those that receive weaker TCR signals [52] . This model is supported further by studies showing that priming of the maximal CD4 ϩ T cell response requires continuous antigen presentation over several days [18, 53, 54] and that intraclonal competition compromises the CD4 ϩ T cell response [55] [56] [57] [58] . It further provides an explana- Figure 1 . Virus-specific TCR repertoire formation and selection before, during, and after infection, according to TCR avidity. Most of the randomly generated TCR clonotypes will be eliminated during thymic selection as a result of too low (death by neglect) or too high (negative selection) reactivity to self-peptide complexes with MHC. Certain antiviral TCR clonotypes may be favored during thymic selection and become overrepresented in the preinfection TCR repertoire. Upon infection, TCR clonotypes receiving higher than average signal strength will expand at the expense of the remaining clonotypes. However, stochastic processes operating even within clonotypes may lead to progeny of a few cells, making up to more than one-half of the entire response. Clonotypes that were dominant at the peak of the response may be less likely to survive as memory cells. Thus, the memory pool and consequently, recall responses may instead be dominated by clonotypes that were rare during primary response. Depending on the context, selection into the memory pool may favor low or high TCR avidity clonotypes.
tion for the dominance of a few, often public clonotypes that are found to dominate the peak response to several antigens. Recently, Jenkins and colleagues [20] have studied the expansion and effector differentiation of single CD4 ϩ T cells in response to well-characterized epitopes expressed as recombinant peptides in Listeria monocytogenes or LCMV. They noted that the strength of TCR signaling determined, at least in part, effector differentiation [20] . They also noted the number of progeny, or burst size, produced by individual CD4 ϩ T cells from a polyclonal repertoire, differed by orders of magnitude [20] . However, great variance in burst size was also observed between monoclonal CD4 ϩ T cells from a TCR transgenic population [20] . Although the response of single CD4 ϩ T cells was followed in separate recipient mice and was, therefore, subject to extrinsic variables, the results would argue that great differences in burst size between identical CD4 ϩ T cells could be caused by factors other than the TCR [20] . Moreover, two recent studies have tracked the progeny of single CD8 ϩ T cells in the same mouse and have also demonstrated that individual CD8 ϩ T cells vary greatly in their burst size and consequently, in their contribution to the overall peak response [59, 60] . Indeed, more than one-half of the peak response of monoclonal CD8 ϩ T cells was found to be the progeny of ϳ5% of the individual recruited CD8 ϩ T cells [59, 60] . Collectively, the available data suggest that dominance of the peak response by the progeny of a few cells is an inherent property of T cell responses, irrespective of potential differences between clonotypes (Fig. 1) . However, limited antigen availability or restricted TCR repertoires will favor clonotypes with higher-than-average antigen sensitivity, thus making it more likely that the dominant clones will originate from predictable and often public clonotypes.
Impact of TCR signal strength on differentiation of Th subsets
Upon activation, Th cell precursors can generate diverse subpopulations. This heterogeneity is evident at the level of memory and effector phenotype and in the development of specific effector or regulatory functions acquired during a complex process of lineage commitment. Several lineages, including Th1, Th2, Th17, Tfh, and T regs , each depending on lineagespecific transcription factors and epigenetic modifications, are now well-characterized [61] .
In addition to their peak expansion or burst size, differentiation of Th cells may also be affected by the strength of TCR signals. Early work suggested an instructive effect of strong and weak TCR signals on Th1 and Th2 differentiation, respectively [62] [63] [64] , and more recently, the removal of high-avidity competition for antigen in a polyclonal CD4 ϩ T cell response was shown to promote Th2 differentiation [65] .
Infections, in general, and retroviral infections, in particular, strongly skew the CD4 ϩ T cell response almost exclusively to Th1 and Tfh subsets of roughly equal proportion [20, 27, 44, 66 -69] . The relative balance between these two subsets has also been proposed to be affected by TCR signal strength [19, 20] . Indeed, in response to PCC protein immunization, Tfh differentiation was found to be more efficient in CD4 ϩ T cell clonotypes with the highest peptide-MHC tetramer binding affinity and most restricted TCR repertoire [19] . Consistent with more efficient Tfh development in vivo, stronger TCR signals induced higher levels of mRNA encoding IL-21 in vitro [19] , a cytokine that promotes Tfh differentiation [70] .
Such a requirement for strong TCR signals would mean that Tfh development is promoted by higher antigen doses or the use of stronger agonist peptides, and Tfh differentiation in several systems has been reported to be generally facilitated by high or prolonged antigen presentation [71] [72] [73] . In the PCC system, Tfh differentiation was relatively insensitive to varying antigen dose and instead, was promoted by a weaker agonist [19] . The use of peptide variants known to increase stability of peptide-MHC complexes has shown that during the response to H2-A d -restricted epitopes from Leishmania homologue of mammalian receptors for activated C kinase protein or influenza A hemagglutinin, the increase of the persistence of peptide-MHC complexes enhances the development of epitope-specific Tfh and nonTfh cells proportionally [74] .
In response to recombinant L. monocytogenes or LCMV infection, the balance between Th1 and Tfh differentiation of progeny of single CD4 ϩ T cells was found to correlate well the dwell time of TCR with peptide-MHC complexes, as well as with the amount of antigen [20] . The relationship between TCR signal strength and Th differentiation was complex, with Tfh development increasing proportionally with TCR signal strength but Th1 development initially increasing and then decreasing with TCR increasing signal strength and with certain clonotypes displaying considerable variability [20] . Thus, the balance of Th1 and Tfh differentiation in responses to infection is affected by the TCR-intrinsic aggregate half-life of interaction with a particular peptide-MHC complex and the availability of this complex. Presentation of high amounts of antigen to a clonotype with low TCR dwell time may lead to the same outcome as presentation of low amounts of antigen to a clonotype with high TCR dwell time. This may be particularly relevant in infection, where the stochastic processes of pathogen replication may create uneven local antigen concentrations, thus increasing variability in Th differentiation within clonotypes and blunting differences between clonotypes exposed to different amounts of antigen in the same host.
In murine retroviral infection, high-avidity, virus-specific CD4 ϩ T cells show enhanced capacity for cytokine production, including of IL-21, compared with low-avidity, virus-specific CD4 ϩ T cells [27] . However, when compared directly for their ability to help production of F-MLV-neutralizing antibodies, both low-and high-avidity clonotypes were able to restore humoral immunity in T cell-deficient hosts [27] . Thus, the precise benefits that the development of high-avidity, virus-specific Tfh cells may provide to the virus-neutralizing antibody response remain to be established. In human retroviral infection, the total and the HIV-1-specific Tfh cell numbers were found to be increased in numbers and positively associated with viremia [75] [76] [77] in conditions that are thought to reduce the magnitude and affinity of the HIV-1-specific CD4 ϩ T cell response [78] . However, despite elevated numbers, the function of Tfh cells in HIV-1 infection was suggested to be impaired [77] . [68, 69, 73, 79 -82] . Furthermore, the Tfh pool may also expand during chronic viral infection [66, 67] .
Clonotype maintenance in chronic infection and memory formation
The peak of T cell responses is followed by contraction, during which, the majority of expanded cells die or fail to propagate further, leaving behind a smaller number of memory T cells [83] . In responses to eventually controlled acute infections, contraction of the T cell response coincides with decline in antigen load [83] . However, contraction of the T cell response is also observed with similar kinetics in responses to chronic infections, where antigens may persist at high levels for longer than in an acute T cell response [43, 84] .
Selection of CD4 ϩ T cells into the memory population or for maintenance in chronic infections is affected by several cell-autonomous and -extrinsic factors, some of which are being studied [83, 85] . This selection may also include the strength of TCR signaling during priming of the response or during contraction and maintenance. Early studies of the primary and secondary H2-E k -restricted response to PCC immunization revealed further restriction of the TCR repertoire during recall responses, relative to the repertoire of the primary response, resulting from the loss of clonotypes with weak peptide-MHC tetramer binding [86 -88] . Similarly, the dominant clonotypes with relatively high functional avidity that are selected during the primary CD4 ϩ T cell response to a H2-E d A drestricted SWM epitope were shown to persist for several weeks and dominate the secondary response [51] . Together, studies in these systems suggest that in addition to selection for highavidity clonotypes during priming, the transition of the CD4 ϩ T cell response to memory and consequently, the secondary response retain or further select for high-avidity clonotypes. However, it should be mentioned that the use of peptide-MHC tetramers for detection of antigen-specific CD4 ϩ T cells may underestimate the recruitment and expansion of clonotypes with weak affinity for these tetramers [89] or clonotypes that experience profound TCR down-regulation [28] .
Consistent with selection of memory CD4 ϩ T cells based on TCR avidity, the overall functional avidity and peptide-MHC tetramer-binding affinity of CD4 ϩ T cells responding to an H2-A b -restricted epitope from the LCMV GP were found to increase over time [90] . Although clonotype selection from a polyclonal TCR repertoire was not examined directly, the results of this study implied selection for high-avidity clonotypes over time [90] . Indeed, a monoclonal TCR-transgenic population with relatively low functional avidity was sufficiently primed in this system but failed to enter the memory pool when the GP epitope was expressed recombinantly in L. monocytogenes [90] . In a similar study, increased functional avidity of the secondary CD4 ϩ T cell response to the H2-A b -restricted LCMV GP epitope was observed only in heterologous challenge with L. monocytogenes expressing the LCMV GP peptide epitope, whereas homologous challenge with LCMV led to a decrease in functional avidity [91] . It should be noted, however, that increases in functional avidity in these two studies were also observed in monoclonal TCR-transgenic CD4 ϩ T cells specific to the same LCMV GP epitope and may not necessarily reflect underlying clonotype selection [90, 91] . Indeed, studies with monoclonal CD8 ϩ T cells had shown previously that functional avidity can increase independently of TCR affinity [92, 93] . Direct evidence for enrichment for high-avidity clonotypes over time in the response to the LCMV GP epitope was provided recently by deep-sequencing analysis, demonstrating TCR repertoire evolution of TCR-␣-transgenic CD4 ϩ T cells [94] . Functional characterization of particular clonotypes that enhanced memory T cell differentiation in response to the LCMV GP epitope revealed a strong correlation with avidity for the GP epitope [94] .
Further studies of the clonotypic composition of the H2-E krestricted response to PCC have revealed that selection for high-avidity clonotypes is more pronounced following peptide immunization [95] . In contrast, protein immunization in the same system allowed even low-avidity CD4 ϩ T cells to enter the memory pool [95] . It may, therefore, be the case that memory formation selects for high-avidity clonotypes only when the priming antigen is limiting, whereas increased antigen availability (or other undefined parameters) will not select against low-avidity clonotypes and may even eliminate, through overstimulation, high-avidity clonotypes. Indeed, careful titration of the immunizing peptide dose has revealed an inverse relationship with the peptide-MHC tetramer-binding affinity of the resulting memory CD4 ϩ T cell population [96] .
Moreover, lower peptide-MHC tetramer-binding affinities induced by high doses of immunizing peptides were observed in the memory pool and in the secondary response but not in the primary response, indicating that selection occurred during memory formation [96] . Direct comparison of two CD4 ϩ T clones specific to a H2-A b -restricted epitope from L. monocytogenes, differing in TCR and CD5 levels, revealed that the clone with smaller expansion during primary response contributed more to the secondary response [97] . However, the discordant behavior of these two clones in the latter study seemed to result from differences in self-rather than foreign antigen-reactivity [30] .
Lower avidity memory CD4 ϩ T cell pools were also induced in mice in response to Salmonella typhimurium [98] and a mouse adenocarcinoma-associated antigen [99] . Furthermore, clonotypic analysis of the H2-A u -restricted response to a natural epitope from myelin basic protein demonstrated that immunization with a low-potency antigen expanded the highavidity clonotypes, whereas immunization with high-potency antigen variants led to the elimination of high-avidity clonotypes [100] . Collectively, these studies emphasize that the stability of the clonotypic composition of the CD4 ϩ T cell response will heavily depend on the nature, dose, and persis-tence of the priming antigen, which can select for and against high-avidity clonotypes. This dependence of clonotype stability of the CD4 ϩ T cell response on the nature of the infection argues for the study of appropriate models for infection with a given virus or virus family. In this respect, data on the CD4 ϩ T cell clonotype stability in response to persistent retroviral infection are currently lacking. During HIV-1 infection, early CD4 ϩ T cell responses to products of the env gene are thought to be replaced over time by more dominant CD4 ϩ T cell responses to products of the gag gene [101] . Nevertheless, limited sequencing of TRBV genes from env-reactive CD4 ϩ T cells has shown that clones found early during HIV-1 infection can persist at low frequencies [102] . Recently, the maintenance of gag-reactive polyclonal CD4
ϩ T cells with high functional avidity was associated with improved natural control of HIV-1 infection [78] . However, additional work will be required to elucidate clonotype evolution and potential impact on infection of the CD4 ϩ T cell response to retroviruses.
Extrinsic factors affecting T cell clonotype evolution during infection
Although development and function of the most effective clonotypes in viral infections may depend largely on intrinsic properties of the TCR, it is also clear that a number of external parameters additionally influence clonotypic composition during the response. In addition to antigen dose and chronicity, the type of APC or adjuvant used may also have an effect [103] . High-and low-avidity clonotypes can be differentially susceptible to T reg -mediated suppression [104, 105] . Moreover, the clonotypic composition of the response to a particular pathogen may be altered dramatically by varying degrees of cross-reactivity with prior or concurrent infection with unrelated pathogens [106] .
Viruses may also interfere directly or indirectly with antigen recognition by the TCR, thus affecting clonotypic composition of the ensuing response. Viral infections can cause dramatic down-regulation of surface TCR, potentially compromising its ability to receive the full signaling [43, 97, 107, 108] . Retroviral proteins, such as HIV-1 negative regulatory factor, can also directly target the TCR and MHC for degradation [109] . Lastly, escape mutations in targeted epitopes, as a result of immune-selection pressure, will also contribute to the dominance or the demise of particular clonotypes [110] .
A major effect on the clonotypic composition of an antiviral T cell response may stem from direct targeting and killing of antigen-specific CD4 ϩ T cells. This is particularly true for the two human retroviruses, HIV-1 and HTLV-1, both of which have been shown to infect preferentially retrovirusspecific CD4 ϩ T cells [111, 112] . Despite the ability of these retroviruses to infect the CD4 ϩ T cells that respond to their antigens, only a small proportion of retrovirus-specific CD4 ϩ T cells is thought to be infected during HIV-1 infection, indicating that the majority of these cells might avoid infection [113] . Nevertheless, it is possible that HIV-1 or HTLV-1 preferentially infects a particular set of retrovirusspecific CD4 ϩ T cell clonotypes, thus skewing the clonotypic composition of the response. Distinct, retrovirus-specific CD4 ϩ T cell clonotypes may differentiate in distinguishable Th effector or memory subsets with varying degrees of susceptibility to HIV-1 or HTLV-1 infection, as a result of differences in migration patterns, expression of surface receptors, or intracellular restriction factors, supported by studies of HIV-1 reservoir formation [114, 115] . To what degree the clonotypic composition of CD4 ϩ T cells responding to HIV-1 or HTLV-1 antigens is dictated by selective, virus-mediated killing might be revealed by experiments where these cytopathic effects are precluded.
IDENTIFYING PROTECTIVE TCR CLONOTYPES
Observations from diverse systems now suggest that the ability of the host to mount a high-avidity T cell response is critical for resistance against viral infection [78, 107, 116 -118] . Highavidity clonotypes may offer distinct benefits to host protection during the course of infection ( Table 1) . They may also, however, have certain disadvantages, including reduced cross-reactivity with escape variants of the targeted epitopes [28, 119] . However, the identification of protective Th clonotypes is confounded by the complexity of Th function and the relative paucity of surrogate markers or assays for all of the different functions. In comparison with antigen-specific antibodies, whose protective properties can be assessed readily in vitro using neutralizing and non-neutralizing functional assays [120] , no single assay can capture the range of potential antiviral activities of Th cells. Although release of single or multiple cytokines by antigen-stimulated T cells has been used with some success in measuring the functional capacity of effector and memory subsets [121] , it may underestimate important Th functions, such as provision of help for the antibody response or direct antiviral activity and cytotoxicity. Th cells are characterized by a high degree of functional specialization, with different functions carried out by distinguishable effector subsets [122] . Differentiation into these different subsets is influenced by intrinsic properties of the clonotypic TCR. Therefore, the protective capacity of a given clonotype will additionally de- Clonotypes can be compared in vitro using assays for the multitude of Th functions, including activation in innate immunity, provision of help for B cells or CD8 T cells, direct cytotoxicity, and immune regulation. However, the relative importance of each of these functions exerted separately or in combination is likely to differ between different retroviral infections, as well as between different stages of the same infection. The relative weight given to each of these functions should be confirmed in appropriate in vivo models for retroviral infection, where their contribution to protection can be quantified. Any strong in vitro activity of particular clonotypes can then be validated in in vivo models. The protective function of particular Th subsets and specific clonotypes within those subsets can also be informed, albeit not conclusively established, by associations between the relative frequency of a given subset or clonotype and resistance to natural infection. For example, the presence of HIV-specific CD4 ϩ T cells producing IL-21 has been associated with relative control of natural infection [123, 124] . In mouse models, production of IL-21 by CD4
ϩ T cells has been reported to rely on continuous TCR signaling in response to a model protein antigen [125] and was also found to be a property of high-avidity clonotypes in model protein immunization [19] and retroviral infection [27] .
Ultimately, however, the protective capacity of a given Th clonotype can only be proven by its ability to prevent or control natural infection in humans. This can be addressed in two ways. Firstly, a strong correlation between particular vaccination-induced Th clonotypes and resistance to infection or disease progression would add considerable support to the protective capacity of these clonotypes. Secondly, protective TCR clonotypes should afford greater resistance against infection or disease when used to engineer retrovirus-specific T cells for adoptive immunotherapy [126] .
CONCLUDING REMARKS
The mounting of a protective T cell response requires selection of the most effective clonotypes, not only during the response but also during thymic selection, with certain germline features of the TCR conferring protective capacity in mouse [28] and human [127] retroviral infection. The considerations in inducing a protective antigen-specific TCR repertoire against retroviral antigens are perhaps analogous with those relating to induction of broadly neutralizing antibodies against HIV-1. One approach involves the rational design of immunogens that iteratively may drive the evolution, through somatic hypermutation, of antibodies with predefined properties [120] . Despite the necessity for MHC restriction of the T cell response and the inability of the TCR to undergo somatic hypermutation, a similar approach could be conceived for the selection and expansion of certain TCR clonotypes. Ultimately, however, development of the available TCR repertoire in an individual is subject to stochastic somatic recombination events and may not be easily amenable to manipulation. Instead, the understanding of the external factors affecting clonotypic composition during the T cell response to infection or immunization will undoubtedly help vaccination strategies aiming at selecting, expanding, and maintaining the appropriate clonotypes.
